In this paper, the L-band wind profile radar data, densely-covered meteorological observation data and environmental monitoring data are used to analyze the characteristics and meteorological causes of a rare persistent heavy haze episode in Changsha from Jan. 27th to 29th, 2017. Results show that at 05:00 on the 28th, the air quality index (AQI) of Changsha exceeded 500, creating the historical record since 2012. During the heavy pollution episode, the south branch trough deepened continuously, and the strong southwest warm and humid air flow in front of the trough stably maintained for 4 days. Water vapor was continuously transported to Changsha, increasing the air humidity in this area, which was conducive to the maintenance and development of heavy pollution. In the maintenance stage of heavy pollution, the low-level jet nucleus, the weak upward motion and the weak vertical wind shear in the lower layer could limit the atmospheric vertical diffusion. The boundary layer height judged by the refractive index structure constant 2 is low, which is only about 300 m. Along with the strong inversion stratification in low levels, the vertical atmospheric turbulent exchange and thermal convection are weakened. With mountains on three sides and the Dongting Lake on the north, Changsha has a relatively weak environmental carrying capacity. Under adverse weather conditions, heavy pollution can be easily formed in Changsha, through the imported polluted air mass and local pollution accumulation.
INTRODUCTION
With the rapid development of economy and transportation in Central China, air pollution has become increasingly serious in recent years. The haze pollution episodes in this region have attracted the attention of many scholars [1] [2] [3] [4] [5] . The causes of haze have become a hot topic in the past few years [6] [7] [8] . The studies mainly focused on regional haze cases. Haze occurs in the atmospheric boundary layer. Conventional sounding data cannot continuously describe the variation of meteorological elements in the boundary layer precisely for its low temporal resolution and relatively few vertical layers. But, the wind profile radar data can make up for these shortcomings. In recent years, many scholars have gradually involved the wind profile radar data into the analysis of haze [9] [10] [11] . All these studies have provided lots of scientific evidence for understanding the meteorological causes of haze pollution.
From Jan. 27th to 29th in 2017, a rare heavy haze episode occurred in Changsha. At present, there is still little analysis of it based on unconventional boundary layer data such as wind profile radar data. Therefore, based on the newly built wind profile radar data in Changsha, this paper analyzes the influences of boundary layer height, the wind field in the low and middle levels and the refractive index structure constant on the concentration of pollutants for the first time. Along with the temporal evolution characteristics of pollutants, weather system situation and meteorological factors, the meteorological characteristics and causes for the episode are analyzed in order to further understand the mechanism of haze in Central China. Besides, by the analyses in this paper, the wind profile radar data could be better used in the operational haze forecast.
DATA AND METHODS
The wind profile radar data used in this paper is from the CFL-03 wind profile radar set up at Lianhua Meteorological Station in Changsha. The wind profile radar is available every 6 minutes. The urban air quality data include the air pollutant concentration and air quality index (AQI) of 10 monitoring stations in Changsha provided by the Environmental Monitoring Center Station of Hunan Environmental Protection Department. Besides, the surface meteorological data and the high-level wind field observation data of the regional automatic stations in Hunan are used.
RESULTS

Pollution Characteristics and Changes in Pollutant Concentrations
From Jan. 27th to 29th, PM2.5 was the main pollutant in Changsha, and its mass concentration variation presented an obvious "M" type change (Fig. 1) . On the early morning of the 28th, the PM2.5 mass concentration increased rapidly because of the local pollution sources (fireworks), reaching the first peak (511μg/m3) at 07:00 on the 28th. And then it declined significantly. Subsequently, the PM2.5 mass concentration rose again due to the joint effect of small polluted air masses and stable stratification on the morning of 29th. It reached the second peak (386μg/m3) at 04:00 on the 29th. Afterwards, the PM2.5 mass concentration decreased slowly and tended to be stable. This air pollution episode experienced three stages. The accumulation stage was from 14:00 to 23:00 on the 27th. The peak stage was from 00:00 on the 28th to 07:00 on the 29th, during which the PM2.5 concentration basically maintained above 300μg/m3, and the hourly peak value even reached over 500μg/m3, resulting in the rapid increase of AQI. Then, the weakening stage (after the 30th), during which the PM2.5 concentration decreased significantly. 
Atmospheric Circulation Background
The atmospheric diffusivity for pollutants depends on the allocation of the upper and lower circulations. Seen from the geopotential height and temperature fields of 500 hPa at 8:00 on Jan. 27th (Fig. 2a) , the circulation over East Asia was relatively stable, and the isoheight and isotherm were in the same phase, thus the cold air was relatively weak. The atmospheric circulation over Hunan Province was controlled by zonal westerly flow with short-wave troughs and weak shear in the lower atmosphere. As the plateau trough deepened and moved eastward, by 08:00 on the 28th (Fig. 2b) , the southwest air flow in front of the trough strengthened, further increasing the air humidity in this area, creating stable atmospheric stratification (Fig. 2c) . At the same time, located at the bottom and back of the weak high, because the high was weak and the isobars were relatively sparse in surrounding areas (figure omitted), the wind speed on the low levels and near the surface was very small. It was not conducive to the horizontal diffusion of pollutants, but was favorable for the radiation cooling at night.
At 08:00 on the 30th (Fig. 2d) , as the plateau trough moved further eastward, Changsha was mainly affected by the northerly flow behind the trough, which had a certain removal effect on the pollutants. As a consequence, after the 30th, the pollution was gradually reduced and became a slight pollution.
Special Terrain Conditions
The geographical location of Changsha is very special. With mountains on its west, south and east, and the Dongting Lake on its north, Changsha has relatively weak caring capacity of atmospheric environment. Under adverse meteorological conditions and the joint influences of imported polluted air masses and local pollution accumulation, it is very difficult for the pollutants to diffuse horizontally. Therefore, heavy pollution can be easily formed. It is one of the important reasons for the haze pollution of the study case. After the 30th, the increased temperature, the decreased humidity and the better horizontal and vertical diffusion conditions were conducive to the dissipation of haze.
Application Analysis of Wind Profile Radar Data
INFLUENCE OF MIDDLE-LOW LEVEL WIND FIELD ON PULLUTANT CONCENTRATION
From the hourly mean wind profiles, it can be seen that in the first stage of pollutant accumulation, since the daytime of the 27th (Fig.3a) , At 20:00: the air flow below 1500m was uniformly southerly, a low-level jet core appeared with the central wind speed more than 12m/s, which was conducive to the transportation of water vapor from the Bay of Bengal to Hunan. The humidity of the low-level air increased rapidly, which was favorable for the moisture absorption increase of pollutant particles. There was a certain vertical wind shear below 3000 m ( Fig. 3c ) with the magnitude of 14 to 17 s-1. In addition, seen from Fig. 6b , there was a weak upward movement in the lower layer. Weak upward movement and weak vertical wind shear limited the atmospheric vertical diffusion capacity, which was conducive to the accumulation of pollutants. On the 28th, during the peak stage of the pollution episode, forming a deep southwest warm and moist air flow belt below 3000 m. The wind speed around 1000 m altitude increased again, and the transport capacity of imported pollutants was strengthened. The low-level vertical wind speed maintained -0.5 to 0.5m/s, which was dominated by weak downward air flow The vertical wind shear below 500 m decreased, which prevented the vertical diffusion of pollutants, the pollutants could accumulate easily in the boundary layer, and the concentration of PM2.5 increased rapidly, which reached the peak of 900μg/m3 at 05:00 on the 28th. On the 29th, the vertical wind shear and vertical wind speed in the lower level were still relatively low, and the atmospheric vertical diffusion conditions were not significantly improved, so the concentration of PM2.5 decreased slightly, and the heavy pollution persisted. On the 30th, the wind turned into the uniform northerly wind below 2000 m. The wind speed under 1000 m altitude near the surface increased significantly, the atmospheric diffusion ability improved, resulting in the rapid decrease of PM2.5 concentration and the end of the haze episode.
VARIATION CHARACTERISTICS OF BOUNDARY LAYER HEIGHT
The evolution series of 2 with a time resolution of 6 h is given. As the order is small, lg 2 is taken as the analyzing object. The diurnal variation of the boundary layer is shown in Fig. 4a . During the whole pollution episode, the turbulent intensity below 300 m was relatively strong, and the magnitude of lg 2 was large, about 16- 
